NAVAL POSTGRADUATE SCHOOL
MONTEREY, CALIFORNIA

~

THESIS

TURBINE PERFORMANCE MAPPING
OF THE SPACE-SHUTTLE MAIN ENGINE
HIGH-PRESSURE FUEL TURBOPUMP

Philip Andrew Greco

September 1995

Thesis Advisor: Garth V. Hobson

Approved for public release; distribution is unlimited

DTiC GUALITY INSPECTED 1

19960326 085




THIS DOCUMENT IS BEST

QUALITY AVAILABLE. T

T

COPY

FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
COLOR PAGES WHICH DO NOT
REPRODUCE LEGIBLY ON BLACK

AND WHITE MICROFICHE.




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this coliection of information 15 estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of infarmation. Send comments r arding this burden estimate or any other aspect of this
coflection of information, including suggestions for reducing this burden. to Washington Headquarters Services. Directorate for information Operations and Reports, 1215 jetterson
Oavis Highway, Suite 1204, Arlington, VA 22202-4302. and 10 the Office of Management and Budget. Paperwork Reduction Project (67040 188), Washington, 0C 20503,

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1995 Master's Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

TURBINE PERFORMANCE MAPPING OF THE
SPACE-SHUTTLE MAIN ENGINE
HIGH-PRESSURE FUEL TURBOPUMP

6. AUTHOR(S)
Philip Andrew Greco

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Naval Postgraduate School
Monterey, CA 93943-35000

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES
The views expressed in this thesis are those of the author and do not reflect the official policy or position of the

Department of Defense or the U.S. Government,

] 12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited

4 13. ABSTRACT (Maximum 200 words)
The redesign, data acquisition system installation, and software development for the cold-flow Turbine

Test Rig is reported. The turbine tested was the Space Shuttle Main Engine High Pressure Fuel Turbopump first
stage ‘Alternate Turbopump Development’” model designed and manufactured by Pratt & Whitney. The purpose of
this research was to establish a continuously operating, cold-flow, turbine test facility which could be used for
future laser-Doppler-velocimetry measurements in the tip leakage region of the turbine rotor blades. Also, to
determine both the single and two stage turbine performance parameters, and to provide a test model for

1 comparison with numerical simulations using a three-dimensional viscous flow code. A throttle valve was
designed and installed at the turbine exit to control the pressure ratio in order to map the turbine performance.
Data acquisition, reduction and display programs were developed using LabVIEW Visual Instrument software in
] order to collect, and process the data. The first-stage turbine exit velocity profile was measured using a cobra

: probe. Also, the first-stage turbine performance characteristics were determined. Flow-field characteristics of the
first stage turbine were predicted using a three-dimensional viscous flow code.

14. SUBJECT TERMS 15. NUMBER OF PAGES
' Performance Mapping, Turbine, Data Acquisition, Laser Doppler 162
F . . - . . N
Velocimetry, Numerical Simulation, Space Shuttle Main Engine, 16. PRICE CODE

High Pressure Fuel Turbopump

§17- SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION |19, SECURITY CLASSIFICATION 120, LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified UL

NSN 7540-01-280-5500 i Standard Form 298 (Rev. 2-89)

Precribed by ANSI Std. Z39-18

o snn




i




Approved for public release; distribution is unlimited.

TURBINE PERFORMANCE MAPPING OF THE
SPACE-SHUTTLE MAIN ENGINE
HIGH-PRESSURE FUEL TURBOPUMP

Philip A. Greco
Lieutenant, United States Navy
B.S., The Cooper Union, 1986

Submitted in partial fulfillment of the requirements for
the degree of

MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL
September 1995

Author: /// /// /ﬁié/

Philip A. Greco

Approved by: M A ' / % /\,

67 Garth V. Hobson, Thesis Advisor

Brrerad P Wlooone

Raymond P. Shreeve, Second Reader

Dol X (s

Daniel J. Colfiﬁs, Chairman, |
Department of Aeronautics and Astronautics

ii




iv




ABSTRACT

The redesign, data acquisition system installation, and software development for
the cold-flow Turbine Test Rig is reported. The turbine tested was the Space Shuttle
Main Engine High Pressure Fuel Turbopump first stage ‘Alternate Turbopump
Development’” model designed and manufactured by Pratt & Whitney. The purpose of this
research was to establish a continuously operating, cold-flow, turbine test facility which
could be used for future laser-Doppler-velocimetry measurements in the tip leakage region |
of the turbine rotor blades. Also, to determine both the single and two stage turbine
performance parameters, and to provide a test model for comparison with numerical
simulations using a three-dimensional viscous flow code. A throttle valve was designed
and installed at the turbine exit to control the pressure ratio in order to map the turbine
performance. Data acquisition, reduction and display programs were developed using
LabVIEW Visual Instrument software in order to collect, and process the data. The first-
stage turbine exit swirl and velocity profiles were measured using a cobra probe. Also, the
first-stage turbine performance characteristics were determined. Flow-field characteristics

of the first stage turbine were predicted using a three-dimensional viscous flow code.
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L INTRODUCTION

A. PURPOSE

The purpose of this research was to establish a continuously operating, cold-flow,
Turbine Test Rig (TTR) which could be used for future laser-Doppler-velocimetry (LDV)
measurements in the tip-leakage region of the turbine rotor blades. The TTR was
modified in order to test the Space Shuttle Main Engine High Pressure Fuel Turbopump
(HPFTP) Alternate Turbopump Development (ATD) model. Previous work as reported
by Studevan [Ref. 1], incorporated the original TTR modification and installation of the
ATD. The follow-on work reported by Rutkowski [Ref. 2], included modifications to the
turbine bearing housing and initial shake-down tests. Numerical modeling of the first
stage turbine stator using a three-dimensional viscous flow code was also reported. The
purpose of this thesis was to further modify the TTR, install the data acquisition system,
automate the data collection and reduction process using a Personal Computer (PC)-based
graphical data-acquisition software package, and map the first-stage turbine performance.
Also, the flow through the first-stage turbine was simulated using a three-dimensional (3-
D) viscous flow code. The most significant modification to the turbine was the design,
manufacture and installation of a back-pressure throttle valve aft of the turbine. Follow-
on work would include measuring the first stage inlet velocity profile, LDV measurements
of tlie flow field at the first stage turbine rotor immediately adjacent to the endwall in the
tip clearance region, incorporating the second stage onto the TTR, and mapping the two-

stage turbine performance.




B. OVERVIEW

The redesign of the TTR included cobra probe measurement access at the first-
stage inlet and exit planes, installation of the redesigned first- and second-stage outer
casings, inclusion of a LDV optical window in the first-stage outer casing, and installation
of a turbine-exit throttle valve in order to control the turbine pressure ratio. The TTR
modifications also included connection of additional sensors and the complete
commissioning of a data acquisition system. These sensors included all TTR pressure
probes, thermocouples, a magnetic speed pick-up, a dynamometer load cell and water
flow-rate meter. Also, software was developed in order to automatically collect, store,
and reduce turbine performance data.

Turbine tests were conducted in order to shake down the TTR and to map the
first-stage mbdel. The turbine tests were conducted using two different configurations.
Firsg the turbine exit was exposed to afmosphere, and second, a turbine exit throttle valve
was installed.

The cobra probe measurements with the turbine exit exposed to atmosphere and
with the exit throttle valve installed were conducted in order to determine the rotor exit
plane velocity profile for comparison to numerical flow solutions using a code developed
by Roderick V. Chima. The code, Rotor Viscous Code 3-D (RVC3D) [Ref. 3], was used

for numerical computation of the flow field through the first-stage turbine.




II. TURBINE TEST RIG

A schematic showing a cross section of the turbine test rig is shown in Figure 1.
Various sensor locations are annotated on the figure which also shows the flow direction
of air through the turbine. Figure 2 shows a schematic of the water dynamometer system,
which was used to apply a load to the turbine. Also shown is the magnetic speed sensor,
digital readout and automatic controller of the dynamometer outlet valve. The torque
produced by the turbine was determined using the Lebow load cell mounted on the water
dynamometer. Dynamometer water flow measurement was obtained from the Cox flow
meter connected to the inlet water line.

The TTR set-up reported in [Ref. 1] and [Ref. 2] was modified to include housing
changes, a turbine exit throttle valve, speed control system upgrades, and additional

turbine performance sensors.

A. TURBINE THROTTLE VALVE AND 1ST/2ND STAGE OUTER CASING
UPGRADE

Thie first- and second-stage outer turbine casings were redesigned and
manufactured in order to incorporate the following changes. The first-stage casing
included a LDV window at the 9:00 position when viewed from the rear of the turbine,
and an inlet probe slot at the 11:30 position. This probe slot was needed in order to
mea‘s.ure the inlet velocity profile. The second-stage casing included a probe slot at the
1:00 position and 4 axially-aligned static pressure ports at the 7:00 position. The second-

stage probe slot was
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used to measure the first-stage turbine exit velocity profile. Engineering drawings for all
the TTR modifications are shown in Appendix A.

The TTR exit throttle valve was designed and manufactured in order to control the
turbine pressure ratio, and to increase the upstream total pressure. This was accomplished
by a movable plate which varied the turbine exit area, thus creating a back pfessure. The
throttle valve also turned the flow 90 degrees, a photograph of the turbine exit throttle

valve assembly is shown Figure 3.

The turbine throttle valve was positioned using a linear ball-drive actuator. The
Motion Systems ball-drive actuator (Model 85151), shown in Figure 4, was connected
between the back pressure plate and the mounting flange of the dynamometer. It had a

stroke of six inches with a 40:1 gear ratio and could supply an axial force of 500 Ibs.

Figure 3.  Turbine Exit Throttle Valve Assembly



Figure 4. MOTION Systems Ball-Drive Actuator

B. DYNAMOMETER AUTOMATIC SPEED-CONTROL SYSTEM

The automatic load-control system is shown in Figure 2 where the torque in (in-
Ibs) was measured using the Lebow load cell. The original dynamometer turbine load
system set-up, as reported by Studevan [Ref. 1], was operated manually and consisted of
an electronic controller (Fischer and Porter series S3EL4000), a water dynamometer, two
pneumatic valve positioners, and a magnetic speed pick-up. A tachometer (AIRPAX
TACHROL 3) was added to the system in order to operate the load-control system in
automatic mode and to obtain a digital readout of the turbine rotational speed in revs/min
(RPM) The tachometer provided an analog output that produced a linear relationship of
output current in mA vs. turbine RPM. This current output, 4-20 mA, corresponded to 0-

10000 RPM which was connected to terminal #10 of the electronic controller and was




used as the signal “process variable”. A wiring diagram of the electronic controller is
shown in Appendix B, Figure B1. Because the analog signal from the TACHTROL 3 was
a current output (4-20 mA), shown in Appendix B, Figure B2, and the electronic
controller needed a 1-5 Vdc source, a 250Q resistor was connected between terminals 10
and 11 of the electronic controller. By adjusting the thumb wheel on the Fischer & Porter
Electronic Controller, an output voltage was generated between 1-5 Vdc which was the
controller “set point”. The electronic controller drove the difference between the set
point and process variable output to zero by positioning the outlet dynamometer wéter
valve to meet the desired condition. The outlet water valve was connected to terminal #4
of the electronic controller. Positioning the outlet water valve changed the water level in
the dynamometer, which changed the load on the turbine causing a change in turbine
speed.
C. AIRPAX TACHTROL 3 TACHOMETER

The turbine speed display consisted of the AIRPAX TACHTROL 3 tachometer
unit with digital readout, analog output and a magnetic speed sensor. The TACHTROL 3
had two channels; A and B, where only channel A was used for turbine RPM. The
magnetic speed sensor shown in Figures 1 and 2 was located over a thirty-toothed gear
mounted on the input dynamometer shaft. The sensor generated a repeating AC electrical
pulse proportional to the speed of the shaft in pulses per second (Hz). This electrical
pulse was used as input to the AIRPAX TACHTROL 3 tachometer and was connected to

channel A with terminals 1, 2, and 3 as shown in Appendix B, Figure B2.




D. COBRA PROBE INSTALLATION AND POSITIONING

Total pressure, Mach number and flow angle measurements at the turbine exit
were incorporated into the TTR instrumentation using a 3-hole cobra probe. Cobra probe
radial position and yaw angle movement were obtained using a L.C. Smith probe actuator,
which is shown in Figure 5. The L.C. Smith probe actuator and the Motion Systems ball-
drive actuator were operated from the same control box. The control box was designed to
house the L.C. Smith actuator DC-to-AC power conversion and the Motion Systems
actuator circuitry. Also, the radial, rotational and linear control circuits and toggle

switches where mounted on the control box’s front panel.

FigureS. L.C. Smith Probe Actuator
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I0.  DATA ACQUISITION SYSTEM

A. GENERAL DESCRIPTION

The TTR data acquisition system consisted of a personal computer (PC-486) and
the Turbopropulsion Laboratory Hewlétt-PaCkard (HP) data acquisition modules. All
turbine sensor measurements where obtained by controlling the data acquisition system
using the PC-486 computer via the GPIB/IEEE data bus and LabVIEW software
programs. A schematic of the data acquisition system controf and sensor designation is
shown in Figure 6.

The PC-486 computer, controlled the data acquisition system via the AT-
GPIB/TNT interface board. The instruments addressed on the GPIB were the HP 3495A
Scanner, HP 3456A Digital Voltmeter, HP 5335A Universal Counter and Scanivalve
Digital Interface Unit‘ The PC also had an internally-mounted PC-LMP-16 multifunction
I/O A/D Board which monitored the potentiometers on the L.C. Smith and ball drive
actuator. Table C1 in Appendix C summarizes all the data acquisition equipment binary
dip switch settings/GPIB addressees.

B. HARDWARE DESCRIPTION

1. PC 486 Cémputer

The PC-486 computer was added to the data acquisition system in order to
provide an increased capability in software availability, interactive control of measuring

devices, real-time measurement display, and data reduction. The PC-486

11
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computer was incorporated into the data acquisition system via the AT-GPIB/TNT
Interface I/O board.

2. A’I“-GPIB/TNT Interface Board

The AT-GPIB/TNT board allowed the PC-486 computer to function as a GPIB
Talker/Listener/Controller via the GPIB/IEEE bus shown in Figure 6. The GPIB board
was set up as computer device GPIBO using the LabVIEW GPIB icon located in the
Windows\Program Manager\Main\Control Panel window. The default settings found in
[Ref. 4] were changed due to conflict with another device. The current dip switch settings
are shown in Table C2 of Appendix C.

3. PC-DIO-24 I/O Board

The PC-DIO-24 board was a 24-bit parallel, digital /O interface for the PC. All
digital I/O was through a standard 50-pin male connector. Pin assignments are shown in
Appendix D, Figure D1. The DIO board was purchased in order to read digital
Scanivalve port information directly from the encoder via the seven digital lines using the
Scanivalve digital logic box shown in Figure 6, bypassing the HG-78K Scanivalve
Controller. This feature was not used. The board was also used as a +5 Vdc (pin 49)
power source to three linear potentiometers. The DIO board was set up as computer
device #1 using the LabVIEW WDAQ config. The default settings found in [Ref. 5]
were changed due to a conflict with another device. The current settings are shown in

Table C3 of Appendix C.
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4. PC-LPM-16 Maultifunction I/O Board

The PC-LPM-16 was a low power analog input, digital, and timing I/O board for
the PC. The board contained a self-calibrating analog-to-digital converter (ADC) with
sixteen analog inputs, eight lines of digital I/O and two 16-bit counter/timer channels for
timing I/O. All digital /O was through a standard 50-pin male connector. Pin
assignments are shown in Appendix D, Figure D2. The analog board was used to
continuously or selectively read DC voltage from three different linear potentiometers,
two from the L.C. Smith gear for cobra probe radial and rotational position and one from
the ball-drive actuator for throttle valve position. The analog board was set up as
computer device #2 using the LabVIEW WDAQ config icon. The default settings found
in [Ref. 6] were used and are shown in Table C4 of Appendix C.

. Scanivalve Digital Interface Unit, Solenoid Controller and Interface
Box

The required pressure measurements were obtained using the Scanivalve Digital
Interface Unit (SDIU), Solenoid Controller (CTLR2/82-S6), and the Interface Box to
control the 48 port Type-J Scanivalve. A wiring diagram of the SDIU, CTLRZ/S2-86,
Interface Box and pressure port designation is shown in Figure 7. A detailed wiring
diagram of the Interface Box is shown in Appendix B as Figure B3.

6. HP Data Acquisition Modules

The HP data acquisition modules consisted of the HP 3495A Scanner, HP 3456A

Digital Voltmeter (DVM), and the HP 5335A Universal Counter.
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The HP Scanner consisted of four 20-channel duo-decade boxes (1-4). Decade
boxes two and four were utilized for pressure, torque, and temperature measurements as
illustrated in Figure 6. The HP Scanner was used to connect a specific Scanner channel to
the HP DVM for voltage measurement. The digital voltmeter was used to measure
voltage data from the TTR transducers. Signal conditioning was used to calibrate the +25
psi Scanivalve and the +2.5 differential pressure transducers in inches of water and to
calibrate and check the span of the Lebow load cell. The HP 5335A Universal Counter
was used to measure frequency from the magnetic speed pick-up and the Cox flow meter
as shown in Figure 6. The magnetic speed and flow rate sensors were connected to

channels A and B respectively, on the front panel of the counter.
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IV.  LabVIEW SOFTWARE PACKAGE

A. GENERAL DESCRIPTION

LabVIEW (Laboratory Virtual Instrument Engineering Workbench) for Windows
was the graphical software package used for data acquisition, interactive control and data
display. Programming was done using a block diagram approach , with virtual instruments
(VI’s). A VI consisted of a front panel and a block diagram and could include one or
more sub-blocks. The front panel specified the inputs, outputs, and features needed for
interactive operation and was analogous to a physical instrument’s front panel. Behind the
front panel was the block diagram which was analogous to the circuitry of an instrument
and was the source code of the VI. The icon/connector was the programmatic interface of
the VI. Each icon could be used as a lower level VI that could be called by higher level
VI's. Icons were wired together to indicate data flow in the block diagram. Data could
be passed from a sub-VI to a calling VI using the VI’s icon which was located in the upper
right hand corner of the front panel. The data were available to the icon by wiring the
desired information on the front panel (display indicators) to the icon, as described in [Ref.
7). The sub-VI was called by the higher-level VI by placing the sub-VI icon in the higher-
level VI’s block diagram. To run a VI, all that was needed was to click on the arrow icon
in the upper left hand corner of the front panel.

1. LabVIEW Software Familiarization and Development Method

The data acquisition software for the TTR was developed by initially ﬁsing

LabVIEW to acquire the data for a turbocharger experiment described in [Ref. 8] and

17




[Ref. 9]. The turbocharger laboratory setup provided the hardware and instrumentation
needed to develop a data acquisition program. The turbocharger data acquisition/data
reduction LabVIEW program was similar to the HP Basic program presented in [Ref. 9].
Both programs collected the same input data and produced the same compressor and
turbine performance data. The LabVIEW Turbocharger data acquisition program output
was validated by comparing the results obtained using the HP Basic version. Both
programs produced the same turbine and compressor performance parameters. Some of
the programming techniques used to develop the Turbocharger program were used to
develop the SSME HPFTP data acquisition program
B. LabVIEW INSTRUMEN T DRIVERS

Instrument drivers, or LabVIEW VI’s, were developed in order to control a
specific programmable instrument interactively through the front panel or from a higher-
order VI through‘ the instrument drivers icon.

1. HP Digital Voltmeter (DVM) and HP Scanner

This combined instrument driver was used to connect a specific HP Scanner
channel to the DVM and obtain a voltage measurement. The voltage information was
obtained from instruments such as the Scanivalve pressure transducer, the differential
pressure transducer, the Lebow load cell and six thermocouples. Input settings used to
program the Scanner/DVM and output measurement are displayed in the icon shown in

Figure 8.
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Scanner #2 Channel No.
Measurement function (Vdc:0)

Measurement

Range (auto:0)
HP_DVM.VI

Figure 8. HP_DVM.VIIcon

The initializations for HP_DVM. VI were channel designation, measurement
function (Vdc:0), and range (auto:0), and the output was the voltage measurement. The
channel # designation was used to connect the sensor of interest to the DVM.
Measurement finction was used to program the DVM to measure a specific function.
Range was used to set the measurement scale and units. HP 3456A DVM program codes
from [Ref. 10] available in the HP_DVM.VI are shown in Table C5 of Appendix C.

The SCANNER2.VI was used as a subroutine in the HP. DVM.VI. Input to the
HP Scanner was the desired channel number. A list of the sensor Scanner channel number
designations are presented in Table 1 and shown in Figure 6. Scanner #2 VI was

programmed using the icon shown in Figure 9.

| 1
Channel No. —%

SCANNER2.VI

Figure 9. SCANNER2.VI Icon




Sensor Channel No.
Scanivalve Differential Pressure Transducer (All Ports) 20
2.5 psi Differential Pressure Transducer (Ports 31 & 34) 23
Lebow Load Cell 33
Reference Junction Temperature 60
Turbine Inlet Temp 61
Turbine Inlet Temp 62
Turbine Outlet Temp 63
Dynamometer Water Inlet 64
Dynamometer Water Qutlet 65
Orifice Temperature 66

Table 1.  Sensor/Scanner Channel Designations

2.  HP 5335 Universal Counter

This instrument driver was used to control and measure frequency displayed on the
universal counter (HP 5335.VI) as discussed in section IIL.B.6. Input settings used to
program the counter and output measurement is displayed in the HP 5335A icon shown

in Figure 10.

function (freqA:0)
( :gD DC
50ohmO1Mohm WP T3S0

COUNMTER

- X100X1 I—M——- Measurment
50%0 1My | [
X100X1
ACODC

Mean On/Off . __
HP 5335A.vi

Figure 10. HP 5335A.VI Icon

The VI initializations were function (freqA:0), channel A and B coupling (AC-

DC), channel A and B impedance (500hm-1Mohm), channel A and B attenuation (X10-
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X1), and mean (On/Off). A list of the HP Universal Counter device commands available
to the HP 5335A. VI are shown in Table C6 of Appendix C, from [Ref. 11].

3. Scanivalve Digital Interface Unit (SDIU)

This instrument driver was used to control the SDIU (SVCONTROL.VI) in order
to step, or home the Scanivalve, and advance to any port. The Scanivalve port number
was also displayed using this instrument driver. The SDIU icon is shown in Figure 11,

which was used to program the instrument.

Acquisition Rate SDIU Scanivalve Port No.
Port _l—"'—""_l_ Pressure Measurment
Count _]

Time Delay (milliseconds) |
SVCONTRL.VI

Figure 11. SVCONTRL.VI Icon

The programming features were acquisition rate, port, count, time delay and the
VI’s output was Scanivalve Port No. and pressure measurement om the internal A/D
' card (not used). - A list of the SDIU commands from [Ref. 12] available to the
SVCONTRL. VI are listed in Table C7 of Appendix C.
C. TTR (SSME HPFTP ATD) DATA ACQUISITION

The SSME HPFTP ATD data acquisition program was developed using the
instrument drivers as sub-VI’s and the LabVIEW sub-VT’s illustrated in Figure 12. Figure
12 is an icon hierarchy diagram generated by LabVIEW as part of the SSME_TTR.VI
data acquisition program. A general description of the sub-VI input, output and functions

are discussed in Appendix E.
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Figuré 12.  LabVIEW Hierarchy Diagram for the SSME_TTR.VI Data Acquisition VI

The SSME_TTR VI data acquisition program (Block diagram) shown in

Appendix F, Figure F1 controlled the data acquisition system shown in Figure 6 and

displayed measured and reduced turbine data on the front panel (Figure 13). Input to the

SSME_TTR.VI was atmospheric pressure in inches of mercury. The SSME_TTR.VI was

separated into 13 different sections by sequence structures or frames. Frames were used

in programming to specify an order of execution, similar to lines of BASIC code.
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Frame #0 was used to read all the required Scanivalve port number’s, advance to a
specified port number, home, obtain pressure information (in inches of water) and save the
pressure information to a spreadsheet file TTRDATA DAT (defaulted to appear in
c:\labview\ttr\) for permanent record. Frame #1 was used to acquire pressure information

(in inches of water) from the +2.5 psi differential pressure transducer and save it to the

Figure 13. SSME_TTR.VI Front Panel

spreadsheet file. Frame #2 was used to acquire thermocouple temperature data from the
reference junction connector in Scanner #2, decade box #4, and save it to the spreadsheet
file. Frame #3 was used to measure frequency data using the “mean” function on the HP

5335A Universal Counter, convert the information to RPM and save it to the spreadsheet
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file. Frame #4 was used to measure dynamometer flow rate, convert the information to
gallons/min (GPM) and save the data to the spreadsheet file. Frame #5 was used to
measure voltage information from the Lebow load cell, convert it to torque (in in-lbs), and
save the data to the spreadsheet file. Frame #6 was used to measure and recofd cobra
probe radial position, swirl angle, and TTR throttle position. Frame #7 was used to route
the measured quantities, pressures, temperatures, RPM, GPM, and torque to the data
reduction sub-section for performance calculations. Frame #8 was used for front panel
display of the reduced turbine performance parameters. Frame #9 was used to format the
spreadsheet file TTRDATA.DAT. Frame #10 was used to record all the calculated
parameters to a spreadsheet file SSMEDATA DAT for permanent record. Frame #11 was
used to delete the temporary file JUNCK.DAT. The final frame, Frame #12, was used to

clear devices 8 and 22 (Scanner #2 and DVM).
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V. EXPERIMENTAL SETUP

A. TURBINE TEST RIG MEASUREMENTS
The original TTR configuration, without the back-pressure throttle valve, and the
redesigned TTR configuration shown in Figure 1 was operated to determine the SSME
HPFTP ATD single-stage performance characteristics. Pressure, temperature, torque,
dynamometer water flow rate, and turbine rotational speed sensors were connected to the
data acquisition system as shown in Figure 6.
- The Scanivalve (+25 psi) differential pressure transducer was connected to
Scanner decade box #2 channel 20 via the Signal Conditioner. TTR pressure ports shown
in Figure 1 were connected to the 48-port type-J Scanivalve as shown in Figure 7. Also, a
$2.5 psi differential pressure transducer was connected to decade box #2 channel 23 via
the signal conditioner. This differential-pressure transducer was added to the data
acquisition system in order to measure the pressure drop across the orifice plate using the
vena contracta taps (ports 31 and 34).
Six thermocouple leads were connected to the Scanner decade box #4,
channels 61-66, via the Thermocouple Reference Connector 03495-64115 (Option 005),
[Ref. 13]. Temperature measurement was obtained using type-J (Iron-Constantan)
thermocouples by determining the voltage drop between the thermocouple, J1, and the
reference junctions, J2 and J3. J2 and J3 were connected to the DVM when the HP

Scanner channels 60-66 were addressed. The reference junction temperature was known,




therefore the temperature of interest could be determined. Figure 14 shows a simplified

seven-channel schematic of the thermocouple setup. Using the data acquisition system

and LabVIEW, the absolute temperatures Tt were determined by the -following procedure.
1) The resistance Rr at the reference junction was measured to find

the reference temperature Trer using Equation 1 from [Ref. 13]:

5041.
7;=————416 —-314.052 (1)
In(R)+7.15
2) The reference temperature from Equation 1 was converted to its

equivalent reference junction voltage Vi using Equation 2, obtained from the 5th order

Ve =(5.01059E - 5)T,, +8.01446E - 6 2)
type-J thermocouple calibration curves found in the Omega Thermocouple Catalog [Ref.
14]. Because the reference temperatures of interest was between 20-40 Deg-C, a linear
' curve fit was used for this calculation only, in order to simplify the LabVIEW
programming. A comparison of the 5th order and linear fit is shown in Figure 15.

3) Thermocouple voltage Vs was measured and a correction made
using Equation 3 to find V,. V, was converted to temperature using the 5th order curve
fit found in [Ref. 14] for the type-J thermocouple given by Equation 4.

VetV =V, ®3)

= 2 3 4 5
Tr‘ao'*'axl/}""anr ra Ve +a V] +al 4
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where:
a, =—-0.048868252
a, =19873.14503
a, =-218614.5353
a, =11569199.78
a, =-264917531.4
a; =2018441314
The above procedure was programmed using LabVIEW to measure and calculate
thermocouple temperatures for the turbine inlet (2), turbine outlet, dynamometer inlet

water temperature, dynamometer outlet water temperature, and orifice stagnation

temperature T;.
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Torque measurements were incorporated into the experiment by calibrating the
Lebow load cell and programming the results of torque vs. voltage using the LabVIEW VI

(TORQUE.VI). The Lebow load cell was connected to Scanner decade box #2 channel 33

via the Signal Conditioner.

The load cell was calibrated in compression using a cantilever beam bolted to the
dynamometer and a weight pan. Weights were added to the beam up to 75 fi-Ibs and the

load cell voltage output and weight were recorded. The load cell calibration data and

linear curve fit are shown in Figure 16.

Tq (ft-Ibs)

Voltage

Figure 16. Lebow Load Cell Calibration

Dynamometer flow rate was determined by connecting the Cox flow meter to

channel B of the HP Universal Counter front panel in order to measure the frequency
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output. The frequency output was converted to gallons/min (GPM) using the calibration

data obtained from the Power Machine Co. [Ref. 15] and is shown in Figure 17.

164 - = - 2=~ 1= = = = fe e e e e e g a ey - - e e e e mm e g e e e .= =y
) ' . . . i ] 1 1 b

0 + GPM=0.0148 Freq: . - . . .
109 - ~ = « = = = =1+ - = - R i e R P R . B Y

0 100 200 300 400 500 600 700 800 900 1000 1100
Frequency (Hz)

Figure 17. Cox Flow Meter Calibration

The frequency signal from the magnetic speed pick-up was used as input to
channel A of the HP Universal Counter’s front panel in order to record the turbine RPM
usirig the data acquisition system and LabVIEW. The frequency signal was also used as
input to the TACHTROL 3 tachometer which was scaled by a factor of 2 to read out in
units of RPM. The TACHTROL 3 could be programmed using constants to generate and
display desired units, functions, display, analog output, set points and serial output. Table
C8 of Appendix C shows the current TACHTROL 3 constant settings. The operation
flow and programmable constants diagram for the TACHTROL 3 is shown in Appendix
B, Figure 4B. A complete description of the TACHTROL 3 theory of operation,

programming, and constant’s definition can be found in the operations manual [Ref. 16].
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The up-stream and down-stream vena contracta and flange tap pressures were
connected to Scanivalve ports 31, 34 and 32, 33 respectively, (see Figure 7). The orifice
up-stream temperature T; was determined by connected a type-J thermocouple to the
temperature reference connector, channel 66. Mass-flow rate calculations were obtained
using the procedure outlined in [Ref. 17].

B. COBRA PROBE CALIBRATION

Cobra probe calibration was accomplished using two different free-jet nozzles with
exit diameters of 4.25 and 7 inches in the free-jet calibration facility as described in [Ref.
18]. The probe was mounted in the L.C. Smith actuator with the angle set at 90 degrees
(probe directly into the flow) and then calibrated between Mach numbers from 0.15 to
0.80. Once the probe was mounted in the L.C. Smith actuator, the probe was not moved
with respect to the actuator. The angle read-out was offset -90 degrees to indicate zero
degrees of rotation with the probe directly into the flow. TheL.C. Smith actuator and
cobra probe setup was then mounted on the TTR at the first-stage turbine exit plane.
Because the L.C. Smith actuator was capable of traversing 10 inches and the full down
position did not correspond to the turbine hub position, an offset of -2.66 was used so that
the computer read-out indicated zero inches with the cobra probe head at the rotor hub.
This offset for radial probe position will need to be changed when the probe is mounted to
the ﬁrst-stage stator-inlet plane.

Calibration data collection was obtained using the LabVIEW VI,

(PROB__CAL.VI). This VI controlled the data acquisition setup shown in Figure 18 to
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obtain pressuré measurements and calculate the dimensionless variables 3, X, and Mach
number. A copy of the PROB_CAL.VI front panel is shown in Appendix F, Figure F2.
Appendix G contains a description of the calibration variables and the cobra probe
calibration data and curve fit. A sixth order curve was used to fit the data and is shown in
Figure G1. .
C. EXPERIMENTAL PROCEDURE

The TTR was operated extensively in order to obtain repeatable turbine
performance data and to document controls such as compressor dump-valve settings,
dynamometer water-supply pressure, oil-mist lubrication supply pressure, speed control
response, and dynamometer water inlet and exit valve positions. The TTR wvas operated
manually from the control console as reported by Studevan [Ref. 1] in two diﬁ‘erent
configurations. The two configurations were with the turbine exit exposed to atmosphere
and with the turbine-exit throttle valve installed. Turbine speed was controlled by the
electronic controller in both the manual and automatic modes with the inlet dynamometer
water valve fully open. Air at 45 psi was delivered to the SSME HPFTP ATD by the Allis-
Chalmers compressor as reported by Rutkowski [Ref. 2].

1. Turbine Test Rig Operation

Prior to operating the TTR, the check list outlined in Appendix H, Figure H1 was
completed. The Scanivalve pressure transducer and the +2.5 psi differential pressure
transducer were calibrated to indicate inches of water. Also, the Lebow load cell’s zero

adjust and voltage span were checked. The check list was developed from operating the
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TTR and documenting the control settings, turbine RPM, valve, and dump positions and
atmospheric temperature. During each run, these settings, along with TTR pressure and
temperature measurements, were manually recorded. A copy of the manual TTR data
collection sheet is shown in Appendix H, Figure H2.

For safe operation of the TTR, the parameters listed in Table 2 were monitored to
insure critical limits were not exceeded. Care was taken, at turbine speeds of 7000 RPM
and above, that dynamometer outlet water temperature and flow rate through the Cox
flow meter did not exceed set limits. With the inlet and outlet dyngmometer valves fully
open, flow rate could exceed 15 GPM. Also, dynamometer-outlet water temperature
could exceed 180 °F as the outlet water valve approached fully closed. With the speed
controller in automatic mode both these parameters could be exceeded. The outlet water-
valve position was monitored from the display on the Fischer and Porter electronic
controller, and the dynamometer outlet water temperature was monitored from the Type-J
thermocouple read-out shown in Figure 2. The TTR rotational speed (RPM), water flow
rate through the Cox flow meter, and the dynamometer torque were monitored from the
PC-486 computer using the real-time display program TTR_TEST.VI. SSME HPFTP
ATD data collection was obtained at turbine speeds above 1200 RPM with dump valve
number 2 fully closed. Dump vall»/e number 2 needed to be closed in order to obtain

meaningful mass-flow rate measurements.




Parameter Maximum Value

Dynamometer Outlet Water 180 °F
Dynamometer Inlet Water 100 °F

Cox Flow Meter 15 GPM

Dynamometer Torque 900 (in-lbs)

FWD Bearing Temp 150 °F
AFT Bearing Temp 150 °F

Accelerometer #1 Abnormal

Accelerometer #2 Abnormal

Table 2. TTR Operating Limits

a. Pres;ure Transducer Calibration

The Scanivalve pressure transducer measured gage pressure and was
calibrated in inches of water, first manually homing the Scanivalve to port #1 (exposed to
atmosphere) from the SDIU front panel. The signal conditioner was manually adjusted
until a zero readout on the DVM was obtained. The Scanivalve was then stepped to port
#2 which was connected to the shop air source via a pressure regulator. The pressure
regulator was adjusted to apply ten inches of mercury (Hg) to port #2 and the signal-
conditioner span adjust was used to set 13.59E-3 volts on the DVM. The +2.5
differential pressure transducer was calibrated in a similar manner with five inches of Hg
applied to one side from a supply line on the front panel of the HP data acquisition unit.
The other side of the transducer was exposed to atmosphere and the SPAN adjusted until
6.795e-3 volts was indicated on the DVM.

b. Load Cell Calibration

The Lebow load cell was calibrated as discussed earlier. The signal

conditioner was used in order to set the zero adjust and span. The zero adjust was




checked by unloading the dynamometer and manually connecting the signal conditioner to
the DVM and adjusting the voltage output to zero. The DVM should indicate 0.002 volts
with 61.47 fi-lbs applied to the dynamometer, which was applied to the dynamometer by
attaching a cantilever calibration beam and hanging 14.01 Ibs of weight on the end of the
beam. A setup of the cantilever beam and weight assembly is shown in Appendix C, Table
Co.

c Automatic Speed Control

For automatic turbine speed control, the electronic controller variables
were set up in accordance with the operations manual [Ref. 19]. The current settings are
listed in Table C10 of Ai)pendix C.

For the TTR set up with the turbine exit exposed to atmosphere, turbine
speed was changed using the TTR and dump valves with the electronic controller in the
manual mode and the outlet dynamometer water-valve set to 60%. At the desired turbine
speed the electronic controller was then placed into automatic mode once the set point had
been correctly adjusted. The outlet dynamometer water valve indicator was then
m‘onitored to insure the valve was not moving to the fully open or closed position. Also,
dynamometer outlet water temperature and water flow rate were monitored to ensure they
did not exceed there respective limits.

With the turbine-exit throttle valve installed, the automatic speed-control
system was operated as discussed above. With the turbine operating at the desired set-

point, the throttle valve was moved inward in steps of approximately 0.30 inches. The




throttle valve was nbt closed any further once the dynamometer outlet water valve opened
to approximately 20%. In order to continue obtaining turbine data on the same constant
speed line, the compressor dump valve (#1) was closed until the dynamometer outlet
water valve indicated approximately 80% closed. The throttle valve was then closed in
steps to a minimum opening of 0.5 inches. An additional limiting factor for throttle valve
position was the turbine aft-bearing temperature. The aft-bearing temperature increased
as the throttle valve was traversed inward.

2. SSME HPFTP ATD Real-Time Data Display

The real-time data display, LabVIEW VI (TTR_TEST.VI) was used to display
dynamometer water flow rate, dynamometer torque, and turbine RPM. These parameters
were selected in order to determine the operating conditions for the TTR prior to the data
collection, and to monitor critical limiting values as outlined in Table 2. The dynamometer
water flow rate was a good indicator in detecting supply-water pressure fluctuations
caused by relief valve discharge, and to set supply-water pressure to maintain a constant
level in the TTR cell storage tank.

TTR_TEST.VI was operated during run-up operations and prior to each data
collection run. The real-time display was used to show the run-up characteristics and to
determine that the turbine was operating at a constant speed. TTR_TEST.VI, was
executed by clicking the On/Off switch to the On position, then clicking on the arrow icon
in the upper left-hand corner of the front panel. The program was terminated by clicking

the On/OfF switch to the Off position and waiting for the program to stop running, which
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took approx. 5-8 sec. No other programs could be activated before TTR_TEST.VI was
terminated. A copy of the real-time displays front panel and block diagram is shown in
Appendix F, Figure F3.

3. SSME HPFTP ATD Performance Data Collection

Turbine performance parameters were obtained by operating the TTR at different
speeds using the TTR control panel dump valves, the Fischer and Porter electronic speed
controller, the turbine exit throttle valve, and then executing LabVIEW VT’s
(TTR_TEST.VI, SSME_TTR.VI, ACTUATOR.VI, AND VEL_PRFL.VI).

With the turbine operating at a constant speed, the cobra probe was moved to
midspan and nulled in yaw. The SSME HPFTP ATD performance parameters were
calculated and stored in a spreadsheet file by the data acquisition VI (SSME_TTR.VT)
discussed in section IV.C. Parameters calculated were; turbine total-to-total pressure
ratio (P2/P1), turbine efficiency (7,) using Equation 5 from [Ref. 20], mass-flow rate
using the vena contracta and flange taps as reported by Vavra [Ref. 17], and horsepower
(HP) using three different methods. Also, the referred quantities of pressure ratio,
temperature ratio, HP, and RPM were calculéted and stored. Appencjix I outlines the
equations used in SSME_TTR.VI. The two spreadsheet files TTRDATA DAT and
SSMEDATA.DAT were copied to two separate Excel work sheets for data validation and
plotting. The two Excel work sheets are shown in Appendix J.

For TTR data collection with the turbine-exit throttle valve installed the throttle

valve’s position was determined by measuring the voltage output of the ball-drive
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actuator’s internal linear potentiometer using the data acquisition system. The
potentiometer was powered from the black wire by a +5 Vdc source via the PC -DIO-24
I/O board pin # 49. The potentiofneter ground (red wire) was connected to the ground
source from the PC-LPM-16 multifunction I/O board pin #50. The potentiometer output
voltage was determined from the white wire which was connected to pin # 18 (channel
15) on the PC-LPM-16 I/O board. The potentiometer’s voltage output was converted to
actuator position (in inches) by Equation 5. The offset of 0.92 was used to indicate zero

inches with the throttle vatve fully closed.
. 6
Position = (g) x Volts + Offset ®))

The throttle valve was operated using the control box shown in Figure 19 and the
position readout was displayed on the PC-486 computer using the LabVIEW VI
(ACTUATOR.VI). Due to the ball-drive actuator mounting points, and its maximum
traverse capability of six inches, contact between the throttle-valve back plate and the
front bearing thermocouple could occur. Also, with the throttle valve fully closed, the
actuator was capable of an additional 0.92 inches of travel, which could céuse damage to
the TTR.

For safety, four lights on the ACTUATOR. VI front panel were used so that TTR
damage did not occur. Two lights (warning and stop) were used for the forward stop and
two lights for the aft stop. The forward warning light illuminated orange when the
throttle valve was 0.1 inches from the fully closed position. The forward stop light

illuminated red when the throttle was fully closed. The aft warning light illuminated
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orange when the throttle was opened to 2.3 inches and the stop light illuminated red at 2.5
inches. A copy of the ACTUATOR. VI front panel and block diagram are shown in
Appendix F, Figure F4.

4. Outlet Velocity Profile Data Collection

The velocity profile at the first-stage turbine outlet was obtained using the
calibrated cobra probe and the LabVIEW VI, (VEL_PRFL.VI). The total pressure port P1
was connected to the Scanivalve port #6 and the left differential pressure port P23 was
connected to fhe Scanivalve port #7. First the cobra probe was positioned radiaity at the
desired blade height. The probe was then nulled in yaw using the £10 psi Statham, SCO
277-10 differential pressure transducer. VEL_PRFL. VI was executed to obtain pressure
information at the turbine exit, cobra probe port (P1) and (P23). The quantities B,
dimensionless velocity X, and Mach number (M) were then calculated. The procedure
was repeated for additional radial positions. Both cobra probe radial position and angle
were determined using the L.C. Smith probe actuator from the two linear potentiometers.
The two potentiometers were powered by a +5 Vdc source from the PC -DIO-241/0
board pin # 49. The potentiometer was connected to the ground source from the PC-
LPM-16 I/O board pin #50. The radial and angle position potentiometers output voltage
were measured by connecting them to pins 14 and 16 (channels #13 and #14) on the PC-
LPM-16 I/O board, respectively (see Figure 19). The potentiometers’ voltage outputs
were converted to radial position (in inches) and swirl angle (in degrees) by Equations 6

and 7 respectively:
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Radial = ? Volts + Offset (6)

Angle = (}%Q) x Volts — 90 ™)

A copy of the VEL_PRFL.VI front panel and block diagram is shown in Appendix F,
Figure F5.

Cobra probe traverse and rotation were performed using the control box shown in
Figure 19 and position readout was displayed on the PC-486 computer using the
LabVIEW VI (ACTUATOR.VI). For safety, the cobra probe was in the full up position
(0.955 inches) for turbine speed changes above 5000 RPM. Also, the cobra probe wa;c,
not lowered closer than 0.1 inch from the hub. Because probe and hub contact could
occur, two lights on the ACTUATOR. VI front panel were used as safety indicators. The
first light was a warning which was activated when the probe was 0.2 inches from the hub
and the second light was a stop light which was activated at a probe height 0of 0.1 inch

from the hub (see Appendix F, Figure F4).
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VI. RESULTS AND DISCUSSION

The data collected using the LabVIEW VI (SSME_TTR.VI) was transferred to an
Excel work sheet for data reduction and display. The values caloulated were also used to
validate the SSME_TTR.VT’s data reduction output. The Excel work sheet
(SSMETTR.XLS) shown in Appendix J, Figure J1 was used to plot Figures 20-24.
Figures 20-24 were generated by operating the TTR without the exit-plane throttle valve.
These turbine performance runs were similar in setup to the runs reported by Rutkowski
[Ref. 2]. The plot of referred RPM vs. turbine thermal efficiency, shown in Figure 20,
reveals a similar trend as reported by Rutkowski. However, the TTR was also operated
with the speed control system in automatic mode in order to obtain constant speed lines.
These constant-speed lines are shown at referred speeds of 5600, 5880, 6490, 7200, and
7550. Turbine thermal efficiency vs. total-to-total pressure ratio was plotted for those
constant referred-speed lines, and are shown in Figure 21. The plot in Figure 21 shows
that the turbine total-to-total pressure ratio (Pr) did not change very much with change in
thermal efficiency. The power produced by the turbine was calculated using thrge
different methods. The first method (HP #1) determined power using the thermodynamic
measured quantities of the turbine inlet and outlet stagnation temperatﬁres, and mass-flow
rate. The second method (HP #2) determined power using the dynamometer mechanical
measured quantities of the water temperature increase across the dynamometer and water
flow rate. The third method (HP #3) determined power using the turbine mechanical

measured quantities of rotational speed in RPM and torque. The three determinations
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of turbine referred HP vs. referred RPM are shown in Figure 22. The two mechanical
efficiencies HP #2 and HP #3 show good agreement throughout the RPM range.
However, the thermodynamic horsepower does not agree with the other two methods but
does show the same increasing behavior with increasing RPM. The difference between the
thermodynamic method and the two mechanical methods may be attributed to the mass-
flow calculation. The plot of referred mass flow vs. total-to-total pressure ratio for the
vena contracta and flange tapé is shown in Figure 23. The mass-flow rate calculated using
the flange taps showed a wide scatter and was consistently lower than the mass-flow rate
calculated using the vena-contracta taps. The vena-contracta taps showed much less
scatter then the flange taps. Both mass-flow characteristics showed a constant relation
with pressure ratio above 1.1. This characteristic can be confused with that of a choked-
flow turbine at constant RPM. This is not the case due to the fact that the data shown in
Figure 23 were obtained at speeds between 3000 and 9700 RPM. Therefore, the plot of
mass-flow rate (lbs/sec) vs. turbine speed (RPM) is shown in Figure 24. The two mass-
flow rate calculations showed increasing behavior with increasing turbine speed.
However, the flange taps showed more scatter and consistently lower values than the
vena-contracta taps. The scatter at turbine speeds of 6000 to 8500 RPM was much larger
than desired. All turbine performance characteristics requiring mass-flow rate were
calculated using the vena-contracta taps.
The data in Figures 25, 26, and 27 were produced over two days of testing with

the turbine exit throttle valve installed on the TTR. The figures where plotted using the

SSME_TTR. VI reduced data and the Excel work sheet SSME_TTR.XLS, shown in
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Appendix J, Figure J2. Figure 25 shows the turbine isentropic efficiency (7,) vs. total-
total pressure ratio (Prt). The 4900 RPM constant speed line showed no change in P,
with increase 7,. The two constant speed lines at 5850 and 6850 referred RPM showed a
kink in the data and the constant speed lines at 7280 and 7650 showed an increase in P
with increased 7,. The turbine characteristics shown in Figure 25 exhibited unchoked
flow behavior as illustrated in Figure 28 from.[Ref. 21]. Figure 26 is a plot of referred
mass-flow rate vs. Pr,. The constant speed line at 4900 referred RPM was repeatable and
showed no change in P, with increase in referred mass—ﬂow rate. The constant speed line
at 5850 referred RPM showed a slight increase in Prat as referred flow rate increased.
The data at 6850 referred RPM and above were not repeatable and showed no useful
pattern, due to mass-flow rate measurement errors. Figure 27 shows referred HP using
the three different methods vs. referred RPM. The HP calculations using the three
different methods showed good agreement at speeds below 5000 RPM. At speeds above
5000 RPM, the two mechanical HP calculations HP #2 and HP #3 showed good
agreement up to 7250 RPM. The thermodynamic HP calculation, HP #1, did not show
good agreement with the two mechanical HP calculations. This could be attributed to the
larger error in mass-flow calculations and the dynamometer outlet valve response due to
the automatic speed control commands at the higher turbine speeds.

- The diagram shown in Figure 29 is a dynamometer power absorption curve drawn
on a log-log scale [from Ref. 22] with SSME HPFTP ATD HP vs. speed data imposed for

comparison. The horsepower capacity of the dynamometer is limited by its ability to
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accept and discharge cooling water. The maximum power absorption curve depended on
rotor size and rotor-stator configuration. From Figure 29, the SSME HPFTP ATD
operating range was not inside the dynamometer envelope. This situation was the main
reason why the SSME HPFTP ATD first stage could not be mapped in the choked-flow
performance area.

The first-stage turbine-exit velocity profile with respect to the absolute frame was
measured using the cobra probe setup discussed in section V.B. The absolute velocity
vector is shown as V; in Figure 30 [from Ref. 23]. The velocity profile surveys , shown in
Figures 31 and 32, were obtained by operating the TTR at referred speeds of 7250 and
7500 RPM in both the manual and automatic load-control modes. The data were obtained
during approximately 12 hours of run time over the course of five days to ensure
repeatability. Data obtained from the VEL_PRFL. VI were transferred to an Excel work
sheet, VEL_PRFL XLS, shown in Appendix J, Figure J3, for plotting. The turbine exit
swirl angle distribution, shown in Figure 31, shows two interesting characteristics. First,
an increase in flow angle started at 0.25 inches from the hub up to a peak at 0.40 inches
and then decreased up to 0.60 inches, which my be attributed to secondary flow behavior.
Second, an increase in flow angle started at 0.60 inches from the hub up t0 0.70 and 0.80
and then decreased up to the bllade tip. The swirl angle data with the throttle valve
installed were repeatable. The large increase in swirl angle near 70 and 80% span may be
attributed to a tip-leakage trailing vortex, (The running tip gap was 0.020 inches). The

blade height vs. exit Mach number, shown in Figure 32, displays a slight Mach number
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decrease at the mean line. Also, the data points near the tip gap show a large variation,
which would indicate unsteady-flow characteristics. The Mach number with the throttle

valve installed showed a constant value of 0.42 up to a blade height of 0.73 inches.
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VI. NUMERICAL SIMULATION

A. INTRODUCTION

The purpose of the computational fluid dynamics (CFD) simulation was to
generate a model of the SSME HPFTP ATD first stage. This consisted of generating a
grid, using the stator and rotor geometry obtained from NASA Lewis Research Center in
(z, theta, r) coordinates with a program called Turbomachinery C-Grid (TCGRID) [Ref.
24]. Once these grids were generated they were used as input to another program, Rotor
Viscous Code 3-D (RVC3D), [Ref. 3], to simulate the flow through the first stage turbine.
The solution was displayed using PLOT3D [Ref, 25]. Also, pxy.fshown in Appendix K,
Figure K1 was used to display the pressure distribution along the upper and lower surface
of the turbine blade, and residual history.
B. TURBINE FIRST STAGE GRID GENERATION

The hot-flow turbine geometry data for the first-stage turbine were received from
NASA Lewis Research Center. Because the TTR was a cold-flow facility, a 99%
thermal-shrink factor was applied to all radial and chord-wise dimensions. The thickness
dimensions (theta direction) were not converted. The FORTRAN program used to
accomplish this was obtained from Rutkowski [Ref. 2], which was modified to account for
5 radial blade surfaces and is presented in Appendix K, Figure K2.

Grid files were PLOT3D-compatible and were used as input to the flow solver
(RVC3D) and for flow visualization once an acceptable solution was obtained. TCGRID

generated grids by reading in a set of namelists and the scaled-blade geometry. The
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namelists used to generate the first-stage stator and rotor grids are listed in Appendix L,
Figures L1 and L2. The stator grid used by Rutkowski was modified by placing the exit
plane at the 1.6 inch location (43% chord behind the trailing edge), which corresponds to
the inlet rotor plane location. Also, in order to compare measured cobra probe swirl angle
and Mach number data to the CFD solution, the rotor grid exit plane was placed at 0.25
inches behind the trailing edge (24% chord behind the trailing edge). This required a rotor
grid size of 180x25x45, which was an increase from the stator grid size as reported by
Rutkowski {Ref. 2]. The 3-D stator and 2-D stator hub grids are shown in Figures 33 and
34. The 3-D rotor and 2-D rotor hub grids are shown in Figures 35 and 36.
C. FLOW SOLUTiON

Once the grid was developed, it was used with the flow solver RVC3D to
simulate the flow through the ﬁrst-stage rotor. RVC3D is a computer code for analysis of
fully three-dimensional viscous flows in turbomachinery including rotation effects. The
code solves the thin-layer Navier-Stokes equations with an explicit finite difference
technique. The equations are formulated in a Cartesian coordinate system with rotation
about the x-axis. These equations are mapped to a general body-fitted coordinate system
shown in Figure 37. Streamwise viscous terms are neglected using the thin-layer
assumption, but all cross-channel viscous terms are retained. Turbulence is modeled using
a three-dimensional Baldwin-Lowmax model . The equations are discretized using
second-order finite-differences and solved using a multistage Runge-Kutta scheme.

Mathematical formulation of RVC3D is described in [Ref. 26]. The inputs to RVC3D are
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strictly nondimensional, with the exception of lengths which remain in the same units as
the grid. All quantities are nondimensionalized by an arbitrary reference stagnation state

defined by total density p, and total sonic velocity ¢,. A reference viscosity M, is defined
by the stagnation temperature 7,. FORTRAN files used and generated by RVC3D are as

follows: fort.1 - grid input file generated by TCGRID; fort.2 - input restart file; fort.3 -
output solution file, and fort.4 - input inlet flow profile.

RVC3D was executed on the Cray Y-MP EL-98 supercomputer using the namelist
input files rve3d.in for 5oth the stator and rotor. The stator and rotor input files are
shown in Appendix L , Figure L3. The stator and rotor solutions shown in Figures 38 and
39 and 41 and 42 were run out to 1000 iterations. The residual history for the stator and

rotor are shown in Figures 40 and 43, respectively.

68




ann
diNLL
4
YHATY
HOYIN

SEMEXR f¢!
a:01X00" ]
Cas)I%IG'Q
o3U  Hn

CELD

005T80
00008°0
QOELLO
GOOEL0
QsTLO
0000L'0
00OCL90
000L9'0
005To0

L0
DLZEC
O00E°0
QOSLTO
GOET0
00LTT0
0000T0
00SLT0
000:1°0
00sc1'0
000010
00€L0°0
000500
005700
000000

STIAIT HNOLNOD

AFFINAN HOVIV

Stator Exit Plane Mach Number Contours

Figure 38.

69




STAGNATION PRESSURE

MACH
ALPHA
Re
TIME
GRID

Qoo
oo T
2z e X
o X E W
2238
R

n
~d

w

>

[

-d

g
Oggg
=

Z
SR
poooo

Figure 39.

Stator Exit Plane Stagnation Pressure Contours

70




suonelay

000} 006 008 00.L 009 006G 010374 00¢ 00¢ 004 0
10-9t
T T T T T T T T T
AvoAXVAv R
0000002000 4
%
! %, ]
- 000’00 O 000%0000 “
X e, J
0 ]
- R 4 90-81
Q,
og
FeS
Lo i
I ,
o0
' i
I o0
. 0,0 A
I %0 ]
i o® i
A oooo > }
- %60 <4 G0-9¢
>0
, oooo
A S
! O oo .
s §A%v
1 o =¢ .tOh: “
1 | 1 1 1 1] 1 1 1 ] 1000°0

SH
71

Stator Residual History

Figure 40.




(€12:15]
HNILL
U
VH4TY
HOVIN

SEX ST 081
240 1X00'T
Cax01319'8

OIA  £0'e9-

LRLO

0000L'Q
000890
00099°C
Q00+9'0
000T90
000090
0008S0
0009¢°0
000t$0
000TE0
(000<0
XM
NPl

Q00r10
000T1'0
000010
000800
00090°0
000+0°0
000200
= 000000
STAATT INOLNOD

et ea
L =

YIEWAN HOVIN

Figure 41.

Rotor Exit Plane.Relative Mach Number Contours

72



anio
HINLL
24
YHATY
HOYIN

SEX STV 08T

420 1X00'1
CasIXF9'8

o3

£0°€9-

870

FANSSHAUd NOILYNDVLS

000190
005090
000090
00S65°0
000650
005850
000850
00SLED
000LS0
0059¢°0
(00RO
(HILEE0)
YL R

aneceo
000ce 0
00L1s0
000i<0
Q0s0c0
000050
Q0C6¥0
000610
00E8F0
000810
QOSLY O
000LY0
0059+°0
0009+'0
005540
0005%0
00st'0
00040
STAATT UAOLNOD

Rotor Exit Plane Stagnation Pressure Contours

Figure 42.

73



nSuohelal

0001 006 008 004 009 00¢ ootV 00¢ 002 001 0

N T T T T T T T T T L0-3}

0:::0
0000,
b o -4
%
i 000000 |
0000

YT

o

__..v .tO%:

90-9}

S0-91

L0000

SAH

Rotor Residual History

Figure 43.

74



VI CONCLUSIONS AND RECOMMENDATIONS

A. EXPERIMENT AND TTR

The redesign of the TTR was completed and the rig was successfully operated.
The redesign included the addition of the turbine-exit throttle valve, first- and second-
stage outer casings, and cobra probe mounting brackets. An LDV optical window was
made available through the first-stage outer housing and was located over the blade tips of
the first-stage turbine rotor. Also, an access hole for a combination probe was attached to
the second-stage outer housing for pressure and temperature measurements downstream
of the first-stage turbine rotor exit.

Extensive performance measurements were made with and without the turbine
throttle valve. However the dynamometer was not operating within its performance
envelope. Consideration should be given to incorporating another dynamometer in order
to improve the SSME HPFTP ATD operating range. For more accurate total-to-total
pressure ratio and efficiency results, total pressure should be mass averaged from cobra
probe radial surveys, at the first stage stator inlet and the at the rotor exit. Mass-flow
measurements need to be more accurate in order to gorrectly calculate the thermodynamic
power. An air-flow meter located at the turbine inlet should be considered.

The dynamometer water supply system as reported in [Ref. 2], should be
redesigned as a closed-loop system in order to eliminate the supply pressure fluctuations at
the higher turbine speeds. The dynamometer inlet water supply should controlled by a

regulator in order to maintain constant inlet pressure. The existing water tank scavenge
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pump should be replaced with a variable speed pump. The water tank’s level should be
monitored using an electronic controller linked to the variable speed pump.

To improve the turbine speed-control response, the electronic control system
should be operated as a Cascade Control described in [Ref. 19]. A cascade control system
is one in which the output of a primary controller is used as a set point input to a
secondary controller. The final control element is operated by the secondary controller
output. In the cascade control setup, the PC-486 computer would be used as the primary
controller and the Fischer & Porter electronic controller would be used as the secondary
controller.

In order to traverse the turbine-exit throttle valve more smoothly, a dual actuator
system should be incorporated and all guide rods installed.

The turbine-exit velocity profile was measured and successfully repeated over the
course of five days of data collection. However, the large increase in swirl angle near the
tip should be further investigated. Other velocity profiles should be measured at different
circumferential positions in order to check for circumferential uniformity and/or flow
periodicity. This may be accomplished by rotating the second-stage outer housing and
cobra probe setup. The inlet velocity profile needs to bé measured so that it my be used as
input for flow simulation through the first-stage stator. Also, in order to obtain the-
required data for numerical flow simulation, the static pressure at the hub between the

first-stage stator and rotor must be determined. The hub location is such that it is difficult
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to drill static pressure ports due the close proximity of the rotor and the stator. An
alternate position may be through the first-stage outer housing at the stator exit plane.
B. DATA ACQUISITION SYSTEM

The TTR sensors and measurement instrumentation have been interfaced to a
personal computer for dafa acquisition. Also, software has been developed, using
LabVIEW for Windows, in order to control the data acquisition system to collect TTR
data via the various sensors, automatically display critical operating parameters and
reduce the data for turbine performance plots.

The real-time display soﬂ@are should be modified to allow the data to be available
to a plotter for real-tirﬂe printout. Currently the program generates the real-time display
on the TTR_TEST.VI’s front panel only. Also, the latest version of LabVIEW for
Windows and the LabVIEW PID Control Toolkit should be purchased and installed on the
PC-486 computer. The updated version of LabVIEW for Windows includes additional
programming icons and an advanced plotting capability. The PID Control Toolkit adds
sophisticated control algorithms to LabVIEW. By combining the PID Control Toolkit
with the mathematic and logic functions of LabVIEW, one can develop programs for
automated control. This capability would be required to operate a dual throttle-valve
actuator setup, water-tank level controller, and a cascade electronic turbine speed-control

system as discussed above.
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C. COMPUTATIONAL FLUID DYNAMICS

A working CFD model of the SSME HPFTP ATD first-stage stator and rotor has
been developed, but more work is needed to accurately predict the flow field through the
entire first-stage turbine. The measured inlet velocity profile should be used as input to
RVC3D for the flow solution through the stator. The stator solution at the rotor inlet
plane should then be mass averaged along each peripheral contour. The mass averaged
stator solution should then be used as input to RVC3D for flow through the first stage
rotor. The rotor solution at the cobra probe exit plane should then be mass averaged in
the same manner as the stator solution. Also, in order to account for the increased swirl
angles near the rotor tip, the tip gap needs to be included in the computational model for
the rotor. The final solution at the turbine exit plane must then be converted to absolute

quantities so that they can be compared to the measured results shown previously.
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ENGINEERING DRAWINGS

APPENDIX A.
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APPENDIX C. SOFTWARE PROGRAMMING CODES & HARDWARE
DIP SWITCH SETTINGS

Table C1. Address Settings

Device Dip Switch (Binary Code) | Address
AT-GPIB/TNT 01110 14
PC-DIO-24 010001 34
PC-LPM-24 10111 25
Scanner #1 10000 1
Scanner #2 00010 8
Universal Counter 10100 5
Digital Voltmeter 01101 22
SDIU 01010 10

Table C2. AT-GPIB/TNT Board Settings

GPIB Board Setting Dip Switch Setting
I/0 Address 01110
DMA Channel 5
Interrupt Line (IRQ) 11
Table C3.  PC-DIO-24 Board Settings
DIO Board Setting Dip Switch Setting
/O Address U2:34
Interrupt Line W1: PC4
Interrupt Level (IRQ) W2: 4
Table C4. PC-LPM-16 Board Settings
Analog Board Setting Dip Switch Setting
1/O address U34:11001
Interrupt Level W3:5
Analog Input 5V W1:B:C W2:B:C
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Table CS. HP 3456 A DVM Program Codes
Parameter Control Program | VI Icon
Code Code

Function Shift Function Off SO -

Shift Function On S1 -

DCV SOF1 0

ACV SOF2 1

ACV+DVC SOF3 2

2 Wire K Ohms SOF4 3

4 Wire K Ohms SOF5 4

DCV/DCV Ratio S1F1 5

ACV/DCV Ratio S1F2 6

ACV+DCV/DCYV Ratio S1F3 7

0.C. 2 Wire K Ohms STF4 8

0.C. 4 Wire K Ohms S1F5 9

RANGE Auto R1 0

100 mV or .1 K Ohms R2 1

1000 mV or 1 K Ohms R3 2

10 V or 10 K Ohms R4 3

100 V or 100 K Ohms RS 4

1000 V or 1 M Ohms R6 5

10 M Ohms R7 6

100 M Ohms R3 7

1000 M Ohms R9 8
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Table Cé6. HP Universal Counter Device Commands
Parameter Control Program | VI Icon

Code Code
Statistic Disable Mean SMO False
Enable Mean SM1 True
Input Slope A Slope A Positive ASO True
Slope A Negative AS1 False
Input Slope B Slope B Positive BSO True
Slope B Negative BS1 False
Filter Filter A Off AFO False
Filter A On AF1 True
Filter B Off BFO False
Filter B On BF1 True
AC Set A to DC AAO False
Set A to AC AA1l True
Set B to DC BAO False
Set B to AC BA1 True
Z=50Q) Set A Z to IMQ AZ0 False
Set A Z to 5002 AZ1 True
Set B Z to IMQ BZ0 False
Set B Z to 50Q2 BZ1 True
X10 ATTN Set ATTN A to X1 AXO0 False
Set ATTN A to X10 AX1 True
Set ATTN B to X1 BXO0 False
Set ATTN B to X10 BX1 True
COM A Set COM A Off CO0 False
Set COM A On CO1 True

Function FREQ A FN1 0

TIME A—B FN2 1

RATIO A/B FN4 2

FREQC FNS5 3

1/TIME A—B FN6 4

PULSE A FN7 5

RATIO C/A FN8 6

PER A FN9 7

RISE/FALL A FN10 3

DUTYCY A FN12 9

FREQB EFN17 10
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Table C7. SDIU Commands
Definition Description Format/Result Available Value’s
Data Acquisition: AD Rate,Port,Count AD
Rate | Acquisition Ports/sec | 1,2,3,4,5,6, 0r7
Rate
Port | Scanivalve Step -1
Port Advance | Scanivalve Port #
Commands Home 0
Count Data Continuous Data Collection -1
Acquisition Stop Data Collection 0
Commands Number of Samples 1,2, or 3
Output single OC module ocC
Channel Data
module | Information A/D Card #1 0
Source
Turn Around Delay TD delay TD
Time Delay Delay Time in ms
Enable SRQ Request TS1
Service after
each
Reading
System Reset Resets RS
SDIU
Local/Remote Mode | Puts SDIU RL1
in Remote
Mode
Table C8. TACHROL 3 Constant Settings
Constant | Value | Constant | Value | Constant | Value
Cl 2 Cs5 1 C9 9000
C2 1 C6 0 C10 00500
C3 1 C7 10000 Cl11 01111
C4 1 C8 0 C12 00011
Table C9. Cantilever Beam and Weight Set-up
Moment Weight Torque
Amm (ft) (Ibs) (ft-1bs)
Cantilever Beam 2.167 2.97 6.436
Weights 3.917 14.01 54877
Total 61312
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Table C10.  Electronic Controller Settings

Perimeter Setting
Derivative Minutes .01
PB. 25
Reset Minutes .24

95




96




APPENDIX D. S0 PIN CONNECTOR ASSIGNMENTS

pct [ 1 GND

EENE B S

PC§ GND

(e}

PCS GND

3
5

PC4 7{ 8| GND
9

PC3 10 | GND

pC2 |11 {12 GND

PC1 {13 |14 | GND

PCO {15 |16 | GND

PB7 |17 {18 | GND

PB6 {19 |20 | GND

PB5 {21 |22 | GND

PB4 {23 |24 | GND

PB3 125 126 | GND

PB2 |27 |28 | GND
PB1 |29 |30} GND
PBO {31 {32 | GND

PA7 |33 |34 | GND

PA6 |35 |36 | GND

PAS |37 {38 { GND

PA4 |39 |40 | GND

PA3 |41 |42 ] GND

PA2 |43 {44 | GND

PA1 |45 j46 | GND

PAO |47 |48 | GND

+5V |49 {50 | GND

Figure D 1. PC-DIO-24 50 Pin Connector Assignments
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AIGND
ACHO
ACHI1
ACH2
ACH3
ACH4
ACHS5
ACHS6
ACH7
DGND
+12V
DIN1
DIN3
DIN5

CLK1
GATE2
+5V

Rt | AN

1112

13114

1516

17 | 18

2122

AIGND
ACHS8
ACH9
ACH10
ACH11
ACH12
ACH13
ACH14
ACH15
-12V
DINO
DIN2
DIN4
DING6

ouT?®
EXTCONV*
GATEO
GATEI
OuT2
CLK2
DGND

Figure D 2.

PC-LPM-16 50 Pin Connector Assignments
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APPENDIX E. LabVIEW VISUAL INSTRUMENT FUNCTIONS

Table E1. Description of Sub_VT's

VI Name

VI Icon/Connector

Description/Function

SV_PORT.VI

SV
port

Scanvaive Port No.

SV_PORT.VI|

This VI is used to at the beginning of the pressure data

collection in Frame 0 of SSME_TTR.VI. The function

of SV_PORT. VI is to determine if the Scanivalve is on

port #1, if it is, data collection is started at port #1. If it
is not, the Scanivalve is advanced to port #1 where data
collection begins.

TTRTEMP.VI

Thermocouple 1D

TIR
templ
TTRTEMP.VI

Ref Temp (deg-C)
Temperature (Deg-R)

This VI is used in Frame #2 of SSME_TTR. VI to
connect scanner #2 channels 60-66 to the DVM for
reference temperature and thermocouple voltage
measurements. The voltage measurements are then
converted to stagnation temperature in °R using the
procedure outlined in section V.A.

REF_VLTS.VI

Scanner #2 Channel No.

Resistance Measurment
Reference Voftage

Ref
volts

Reference Temperature (deg-C)
ref_vlts.vi

This VI is used in TTRTEMP.VI as a sub_VI. The VI’s
function is to determine the resistance at the reference
Jjunction (channel 60) in order to calculate the reference
Jjunction temperature using Equation 1 listed in section
V.A.

TORQUE.VI

Volts

Tq ] Torque (in-Ibs)

TORQUE.VI

This V1 is used in Frame 5 to connect scanner #2
channel #33 to the DVM for voltage measurement from
the Lebow Load Cell. The voltage information is then
converted to torque using the calibration curve fit
equation shown in Figure 16.

RPM.VI

Frequency
RPM

Mean On/Off

RPM
RPM.VI

This VI is used in Frame 3 to measure the frequency
signal from the magnetic speed pick-up which is located
over a 30 toothed gear. The sensor is connected to the
HP universal counters front panel channel A. The
frequency information is multiplied by 2 to convert it to
RPM.

GPM.VI

Mean On/Off Frequency

GPM Filow Rate

GPM.vi

This VI is used in Frame 4 to measure the frequency
signal from the Cox flowmeter which is connected to the
HP universal counters front panel channel B. The
frequency information is then converted to GPM using
the calibration equation shown in Figure 17.

POSITION.VI

Channe! Volits

ki

POSITION. VI

This V1 is used in ACTUATOR.VI as a sub_VI and in
Frame #6 of SSME_TTR.VI. POSITION.VI measures
the linear potentiometer voltages from channels 13, 14,
and 15 via the PC-LPM-16 A/D board.

- DATAFILE.VI

Temperary File ———m——y
Value to be stored Dats|
Save

Precision

Spreadsheet File
DATAFILE. VI

This VI is used to store TTR measured and reduced data
to two different files. One file is in spreadsheet form
which is use in M.S. Excel for plotting. The other file is
a temporary file which is deleted at the completion of
data collection and reduction.
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LabVIEW TTR DATA ACQUISITION VI's
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Figure ¥ 2. COBR_CAL.VI Front Panel
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Figure F3. TTR_TEST.VI Front Panel and Block Diagram
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VEL PRFL.VI Front Panel

Figure F 5.
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APPENDIX G. COBRA PROBE CALIBRATION

The following set of equations from [Ref. 18] were used in the cobra probe
calibration data acquisition program PROBECAL.VI. PROBECAL.VI is a LabVIEW
program used to collect pressure information outlined in Figure 18.

4

21zt

The stagnation pressure (Pt) and static pressure (P) were measured from the pitot
static probe connected to Scanivalve port #16 and 18, respectively. The Mach number
was then determined and used to calculate the dimensionless velocity X.

The dimensionless pressure coefficient 4 was determined by measuring the cobra
probe pressures Py and P shown in Figure 18. Py was the left and right cobra probe
pressure with the probe aligned in yaw (P,=P;).

_R-B,

-

Dimensionless velocity X was plotted vs. dimensionless pressure coefficient 4 and
is shown in Figure G1. The sixth order curve fit equation is: :

X=a,+af+a,f +af +af +aff +af

where:
a,= 0.0662
a;=0.8443
a;=83.74
a3=-1962
ay= 19342
as=-87713
ag= 150585

The sixth order curve fit equation for X was used in the LabVIEW data acquisition
program VELPRFL.VL. in order to determine the Mach number M.
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APPENDIX H. TTR PRE-OPERATIONS CHECKLIST and DATA

COLLECTION SHEET

.

13)
14)
15)
16)
17)
18)
19)
18)
20)
21)
22)

23)

TTR Pre-Operation Check List

Check shop air:

a) compressor on

b) bleed off moisture in tank

c) check connection valve
Set air at 20 psi on inlet water valve to Dynamometer
Shop air in test cell "ON" - check Dyno inlet valve closed
Check all movable probes in the full out position
Check full traverse of throttle actuator and integrity of lock nut
Set oil mist regulator to 30 psi
Check dynamometer water seal valve full open
Open water supply in A/C room (red valve)
Outlet valve green in A/C room open to 110 psi (1/2 turn)
Scavenge pump in TTR cell "ON"
Inlet valve to Dynamometer control valve to O psi (down from
18 psi)
Start scavenge pump by dropping leftmost level switch and
then adjust outlet green valve in A/C room to stabilize float
(align black tapes). Pressure should be between 105 and 120
psi.
Check "pop-off" valve in bldg. 216
Lock outside gate
Check speed read out
Check pressure lines activated, manifold (#1 TTR, #2, 3, 4, A/C)
Check TTR outlet water temperature is reading out
Check both dump valves open
Dynamometer outlet valve to 50%
Bleed off air before plenum in TTR cell.
Open manual valve before plenum in TTR cell.
Set number 5 valve to 20% (~ 1000 rpm)
Close dump valve 2 (~ 1500 rpm - now mass flow rate:
measurement is good)
Set combination valve to 50% (~ 3000 rpm)

Figure H1. TTR Pre-Operation Checklist
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APPENDIX I. SSME HPFTP ATD PERFORMANCE EQUATIONS

The first stage thermodynamic turbine efficiency was calculated using Equation 5
from [Ref. 20].

rat

where:
T = Turbine Inlet Total Temperature
Tis = Turbine Outlet Total Temperature
P..: = Total-to-Total Pressure Ratio

The horsepower developed by the SSME HPFTP ATD was calculated using three

different methods. The first method used the measured and calculated thermodynamic
parameters.

(E&—z)(%)(cp)(n,>(m[aﬁf5")-1}

550
pl5)

rat

HP#1=

The second method was determined from the power absorbed from the
dynamometer. The equation was given in [Ref. 22]. The flow rate was determined from
the Cox flow meter using the calibration data in Figure 17.

iy QH-T)

where:
Q = Water Flow Rate in GPM
T, = Water Inlet Temperature in °F
T, = Water Outlet Temperature in °F

The third method used the mechanical measured quantities of torque and rotational
speed. The torque was determined by measuring the voltage using the Lebow load cell
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shown in Figures 1 and 2, then calculating the torque from the calibration curve shown in
Figure 16. The RPM was determined from the frequency generated from the magnetic
speed pick-up and the 30 toothed gear. The frequency signal was multiplied by 2 to
convert it to units of RPM. '

7; x N
63025

HP#3 =

where:
Tq = Torque in (in-Ibs)
N = Rotational Speed (RPM)

The referred quantities of speed, horsepower, and mass-flow rate from [Ref. 27]
were with respect to standard atmosphere (P,==29.92 in Hg and T=519.7 °R).

N
Speed Parameter = —
g 76

Q%

Flow Parameter =

Power Parameter = ——=
5.6

where:
oI
T,
5= Pa
Pref
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FORTRAN PROGRAMS

APPENDIX K.
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program shrinkss
*
* This inputs data and multiplies it by 0.99 for a 95%
* shrink factor.
*
real x(810),p(810)
open (unit=2,file=‘hotstrt.dat’,status=‘old’)
open (unit=15,file=’1lsrt.tcgin’,status=‘new’}
read(2,*) (x(i),i=1,810)
do 20 i=1,810
p(i)=x(1i)*0.99
20 continue
*
* -~ print the data out in blocks
*
write (15,*) (p(i),i=1,56)
write (15,*)
write (15,*) (p(i),1=57,113)
write (15,*)
write (15,*) (p(i),i=114,170)
write (15,*)
write (15,*) (p(i),i=171,226)
write (15,*)
write (15,*) (p{i),i=227,324)
write (15,%)
write (15,*) (p(i),1=325,422)
write (15,*)
write (15,*) (p(i),i=423,519)
write (15,%)
write (15,*) (p(4),4=520,616)
write (15,*)
write (15,*) (p(i),1i=617,713)
write (15,*)
write (15,*) (p(i),i=714,810)
cloae(2)
close(15)
stop
end
Figure K2. SHRINK99.F
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TCGRID & RVC3D INPUT FILES

APPENDIX L.
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